We have generated Dissociation ( Ds ) element insertions throughout the Arabidopsis genome as a means of random mutagenesis. Here, we present the molecular analysis of genomic sequences that flank the Ds insertions of 931 independent transposant lines. Flanking sequences from 511 lines proved to be identical or homologous to DNA or protein sequences in public databases, and disruptions within known or putative genes were indicated for 354 lines. Because a significant portion (45%) of the insertions occurred within sequences defined by GenBank BAC and P1 clones, we were able to assess the distribution of Ds insertions throughout the genome. We discovered a significant preference for Ds transposition to the regions adjacent to nucleolus organizer regions on chromosomes 2 and 4. Otherwise, the mapped insertions appeared to be evenly dispersed throughout the genome. For any given gene, insertions preferentially occurred at the 5 Ј end, although disruption was clearly possible at any intragenic position. The insertion sites of Ͼ 500 lines that could be characterized by reference to public databases are presented in a tabular format at http:// www.plantcell.org/cgi/content/full/11/12/2263/DC1. This database should be of value to researchers using reverse genetics approaches to determine gene function.
INTRODUCTION
Rapid progress in global Arabidopsis genome sequencing projects has underscored the need for functional studies of the genome. It is currently estimated that Ͼ 90% of all Arabidopsis genes remain functionally uncharacterized. In addition, genome sequencing projects have depended on exon prediction algorithms such that the identification of many genes must be regarded as hypothetical. The application of insertional mutagenesis is thus an attractive approach for functional genomics that minimizes the number of steps required to conceptually link a given gene to its function (Spradling et al., 1995) . Insertional mutagenesis in Arabidopsis has become particularly attractive due to the development of effective methods for amplification of sequences adjoining the insertion (Liu and Whittier, 1995; Devic et al., 1997; Hui et al., 1998) . In this way, disrupted genes can often be readily identified upon reference to published gene sequences. Indeed, with the current availability of Arabidopsis genome sequences from public databases, half of all potential insertions can be matched to sequenced regions of the genome and placed on a physical map. Insertional mutagenesis is especially effective for generating gene knockouts in Arabidopsis because of the high gene density (approximately one gene every 5 kb; Bevan et al., 1998 Bevan et al., , 1999 , which means that on average, one out of two insertions results in gene disruption.
We have been generating insertions in the Arabidopsis genome by means of transposable elements (Sundaresan et al., 1995) . The system uses a modified maize Dissociation ( Ds ) transposable element carrying a ␤ -glucuronidase ( GUS ) reporter gene acting as either a gene trap or an enhancer trap for detection of genes by their expression pattern. Specifically, various starter lines, each containing a single stable Ds insertion, were crossed with lines expressing the Activator ( Ac ) element transposase so as to initiate transposition of the Ds element. Because the parental Ac transposase gene had been linked to the indole acetic acid hydrolase ( IAAH ) gene, which confers sensitivity to naphthalene acetamide, progeny could be selected that were free of transposase activity. Each selected Ds insertion is thus stable but can be later remobilized by the appropriate cross to a line that expresses the Ac transposase. Such remobilization of Ds elements is a useful property for confirming the mutational effects of insertions. Another advantage of this system is that most of the insertion lines contain single Ds elements that are intact, thereby simplifying the molecular and genetic analyses.
On the other hand, Ds elements preferentially transpose to sites closely linked to the donor site (Smith et al., 1996; Machida et al., 1997) , which is a handicap that must be circumvented to saturate the genome with random insertions. In our system, therefore, the Ds element in the T-DNA donor site is also linked to the IAAH gene, used in this instance as a counterselectable marker that, in the presence of naphthalene acetamide, eliminates progeny retaining the T-DNA donor site (Sundaresan et al., 1995; see Figure 1 ). At the same time, plants representing a transposition event can be selected by virtue of the kanamycin resistance gene contained within the Ds element. In this way, Ds elements that remain closely linked to the T-DNA donor site by virtue of a proximal transposition event can be excluded, and only transposition to more distal sites in the genome results in plants that will survive the selection regime. Here, we evaluate the possibilities of this system for functional genomics by sequence analysis of the insertion sites of 931 independent transposant lines.
RESULTS
We determined the genomic sequences flanking Ds insertions from 931 lines, each representing an independent germinal transposition event. Sequences flanking Ds insertions were amplified using a thermal asymmetric interlaced polymerase chain reaction protocol (TAIL-PCR; Liu et al., 1995) . This method was found to be very effective. For 95% of the lines, at least one flanking fragment longer than 250 bp was obtained (data not shown). Generally, two PCR products (usually the sequences flanking the 3 Ј and 5 Ј ends of the Ds element) were sequenced and then subjected to BLAST searches (Altschul et al., 1990 (Altschul et al., , 1997 of the NCBI GenBank (Benson et al., 1998) and Arabidopsis GenBank (Flanders et al., 1998) databases.
Analysis of the sequences that flank insertions of the Ds element revealed several classes of insertions (Table 1) . Useful sequence information has been obtained in 85% of the transposant lines investigated. Analysis of the remaining 15% yielded sequences that correspond to the donor T-DNA construct. These statistics do not include sequences resulting from seed and PCR cross-contamination, which is estimated to have occurred at a rate of ‫ف‬ 70 spurious sequences per 1000 analyses.
More than half (511/931) of all flanking sequences identified are either identical or significantly similar to sequences represented in public databases. Three hundred fifty-four insertions disrupt sequences that correspond to either known or putative structural genes (Table 1) as identified by the analysis of the sequenced genomic BAC and P1 clones (Bevan et al., 1998; Sato et al., 1998) . Fifty-three insertions occur within sequences identical to expressed sequence tags that do not match any genomic sequence in the Arabidopsis database. Finally, 46 lines appear to carry insertions into unsequenced genes, as indicated by comparisons of flanking sequences (regarded at the amino acid level) with GenBank protein sequences. A substantial fraction of the flanking sequences ( ‫ف‬ 30%) fails to match, at either the nucleotide or protein level, any sequences in the public databases. However, we can expect the DNA sequences disrupted by these insertions to become available as the Arabidopsis genome sequencing projects progress.
The genes that we found to be disrupted can be classified into all of the major categories described by Bevan et al. (1998) . The greatest numbers of these disrupted genes are involved in transcription (11%), signal transduction (8%), and metabolism and energy transduction (15%). We were unable to predict biochemical functions for 33% of the genes. At least 15 groups of insertions represent members of various gene families (e.g., pectin esterases, expansins, peroxidases, and MYB-like proteins). Because many of such genes have potentially redundant functions, the corresponding insertion lines could be used for further studies by generating multiple mutants.
DISCUSSION

Distribution of Ds Insertions
Despite the extensive use of Ac-Ds transposable elements in various plant hosts for insertional mutagenesis, the lack of systematic large-scale mapping data and the high frequency of short-range transpositions have obscured details of transposition hot spots outside of the donor site. In this study, the physical map positions of 356 Ds insertions have been established by comparing their flanking sequences with mapped BAC and P1 clones. This number corresponds Open arrowheads indicate the 5Ј and 3Ј ends of the transposon. The Ds element carries the NPTII gene, which confers resistance to kanamycin (Kan R ), and a modified GUS reporter gene (Sundaresan et al., 1995) . Possible transposition events include the following: (1) unlinked or loosely linked transposition to the same chromosome; (2) transposition to a different chromosome; (3) closely linked transposition; and (4) to 45% of all useful insertions sequenced (356/790; see Table 1), which is comparable to the fraction of the sequence of the Arabidopsis genome available from public databases at the time of analysis. Figure 2 shows the distribution of these insertions. For purposes of illustration, we used a public Arabidopsis Sequencing Map (from http://genomewww3.stanford.edu/Arabidopsis) to visually filter out those regions of the genome not yet sequenced.
Two transposition hot spots are apparent at the narrow regions adjacent to nucleolus organizer regions NOR2 and NOR4. A general increase in insertion frequency with increasing proximity to the NOR2 and NOR4 further suggests a positive influence of NORs upon transposition frequency. A closer view of the region immediately adjacent to NOR4, covering ‫ف‬ 300 kb, is offered in Figure 3 . There is no obvious specificity for insertions within this region, which suggests that it is the proximity of the NOR, rather than the presence of particular sequence cues within the adjacent region, that is responsible for the observed effect on transposition. Table 2 indicates the fractions of NOR-adjacent insertions arising from various Ds starter lines. The relative use of the starter lines in our study was as follows: DsG1, 48%; DsG6, 42%; DsG8, 7%; and DsE, 2%. We have determined precise map positions for the DsG1 and DsG6 donor sites by comparing their flanking sequences with GenBank DNA sequences. The DsG1 donor site is located on chromosome 2 BAC T29F13, whereas the DsG6 donor site is within the coding region of the FAD7 gene assigned to chromosome 3 (Iba et al., 1993) .
The data presented in Table 2 demonstrate that the insertional preference for the NOR4-adjacent region is not due to linkage to any particular donor site. However, a substantial number of the transpositions into NOR2 originated from the DsG1 donor site, which may possibly be due to a higher frequency of intrachromosomal transpositions. Similar observations were made with Ac element transposition in maize (Dooner et al., 1994) , where many genetically unlinked transpositions in fact proved to have occurred within the same chromosome as that occupied by the donor site. The overall lower number of hits into the NOR2-adjacent region as compared with the NOR4-adjacent region could be due to an unsequenced gap between NOR2 and the closest sequenced BAC clone.
Both NOR2 and NOR4 adjoin the telomeres of the chromosomes on which they reside Pikaard, 1996a, 1996b) . Each NOR occupies 3.5 to 4.0 Mb and consists of tandemly repeated rRNA gene clusters. The nucleolus is organized around the NORs during interphase and is associated with very active transcription of ribosomal genes by RNA polymerase I. The increasing frequency of insertions into the NOR-adjacent regions could thus be due to higher accessibility of the chromatin in this region to transposase. Alternatively, proximity to the nucleolus could somehow result in a more favorable chromatin structure for Ds integration. In contrast to the preference for the NOR-adjacent region, only nine insertions (i.e., 1% of all insertions) have been found to occur within rDNA sequences, which is much less than the 6% contribution of rRNA genes to the Arabidopsis genome. The compartmentalization of rDNA within the nucleolus may be an important factor in restricting rDNA from Ds transpositions. We cannot, however, rule out the possibility that for some reason there is a lower efficiency of rDNA amplification and detection by TAIL-PCR so as to result in an apparently lower frequency of rDNA insertions.
Despite the use of the IAAH gene to select against linked transpositions, the frequency of insertions near the DsG1 donor site is high. Of all transposants arising from the DsG1 starter line, 9% manifest insertions within 1 Mb of the donor site, and one-third of these correspond to the same BAC clone. Nevertheless, a frequency of 9% is much less than the frequency of 25 to 50% obtained in the absence of counterselective measures (Smith et al., 1996; Machida et al., 1997) . Several other minor insertional hot spots were noted-for example, BAC T26I20 on chromosome 2 and in the region of chromosome 1 surrounding the gl-2 locusthat are not due to linkage to any donor site. Further sequencing of genomic DNA that flanks Ds insertions is necessary, however, to determine the exact nature of such hot spots.
Insertions into the Donor T-DNA
Another indication of the high frequency of short-range transpositions is the number of insertions that we have observed within the donor T-DNA itself. Of the lines analyzed in this study, 15% carry Ds elements inserted somewhere within the donor T-DNA construct ( Figure 1) ; therefore, they provide no useful genomic information (Table 1) . Flanking sequences from approximately half of these insertions correspond to the IAAH gene. Another fraction of the donor site insertions carry flanking sequences corresponding to the T-DNA border sequence adjacent to the 3 Ј end of the Ds element in the starter line. Various inversions or truncations at or near (within 1 to 30 bp) the border of the donor Ds element similarly reflect local transposition events that could in fact lead to partial truncation of the adjacent IAAH gene. Because IAAH is used as a negative selection marker against linked transpositions, its inactivation by transposition or rearrangement leads to a set of "background" lines, which is an inevitable drawback of this selection scheme (Sundaresan et al., 1995) . The introduction of two copies of the IAAH gene into the donor T-DNA construct could possibly be used to minimize the accumulation of such "background" insertions.
Preferential Insertion of the Ds Element at the 5 Ј Ends of Genes
There is considerable evidence that certain transposable elements, such as the Drosophila P and yeast Ty1 elements, preferentially insert into genes at upstream regions (Liebman and Newnam, 1993; Spradling et al., 1995) . To determine whether Ds elements exhibit any similar preferences, we performed an alignment of insertion sites from our database, which is shown in Figure 4 . Specifically, we plotted the Figure 4B , the alignment of insertion sites from a smaller number of well-characterized genes (i.e., genes for which the ATG codon is known with certainty) demonstrates a similar distribution. Indeed, the sole preference appears to be a bias for the 5 Ј end of the given gene.
Database of Ds Insertion Lines
Generating loss-of-function mutations in a specific gene is a cumbersome process that is frequently the rate-limiting step in functional genetic analysis. Current methods of insertional mutagenesis generally require the screening of a large number of lines for insertions within a given gene. To simplify this process, large-scale sequencing of random insertions has been initiated in Drosophila and mice (Spradling et al., 1995; Townley et al., 1997; Zambrowicz et al., 1998) . In Arabidopsis, this strategy is particularly useful because genes occupy more than half of the genome, and the entire genome sequence is expected to become available within the next year (Kotani et al., 1997; Bevan et al., 1998) . Alternatively, largescale pooling strategies for PCR screening of transposant libraries have been reported by Tissier et al. (1999) . We have organized the positional information from our set of Ͼ 500 Ds insertion lines into a database, which includes the analysis of disrupted genes, usually along with their map positions (see http://www.plantcell.org/cgi/content/full/11/ 12/2263/DC1). A sequenced insertion in the database typically corresponds to a stable single insertion line (unpublished results; see also Sundaresan et al., 1995) , which can be further inspected for GUS staining and mutant phenotype. Such a combination of genetic and functional data makes this reverse genetics database a potentially useful a Numbers of insertions into NOR2-and NOR4-adjacent regions ( ‫ف‬ 400 kb each) and rRNA genes (a total of ‫ف‬ 7 Mb in the haploid Arabidopsis genome) are shown. Various starter lines, shown as DsG1, DsG6, DsG8, and DsE, were used to generate the transposants (see text). The two major lines used, DsG1 and DsG6, accounting for 90% of the transposants, have been mapped on chromosomes 2 and 3, respectively; their relative contributions are 48 and 42%. DsE corresponds to three different starter lines-DsE1, DsE2, and DsE3-which together contributed 2%.
tool for functional genomics. All lines in this database have been sent to the Nottingham Arabidopsis Stock Centre and will be made available for noncommercial research purposes upon request. The database is currently available at http://www.plantcell.org/cgi/content /full/11/12/2263/DC1 and will also be released at http://nasc.nott. ac.uk/ima.html so as to permit wide access.
Use of Ds Insertion Lines for the Mutagenesis of Closely Linked Genes
According to Smith et al. (1996) , half of all Ds transpositional insertions occur within 30 centimorgans of the donor site, with 25% of such transposition events transpiring within a range of 1 Mb and 10% occurring within a range of 200 kb. In a separate system, Machida et al. (1997) reported that 50% of transposition events can occur within 1.7 Mb, and 35% within 200 kb, of the donor site. These high frequencies of short-range transpositions can be effectively utilized for the targeted mutagenesis of closely linked genes by crossing Ds insertion lines to plants expressing the Ac transposase (Sundaresan, 1996) . A PCR screen for knockouts can then be performed using pools of DNA from F 2 seedlings, with primers specific both for the gene of interest and for the ends of the transposon. We have successfully identified Ds insertional knockouts of genes closely linked to the original integration site by using as few as 200 F 2 families (M. Kumaran, D. Ye, W.C. Yang, S. Parinov, and V. Sundaresan, unpublished results), but more typically, we estimate that up to 2000 F 2 families may be required to be reasonably certain (P ϭ 0.95) of recovering a transposition within a 200-kb distance into a 3-kb gene. Nevertheless, the screening of 2000 F 2 families should be feasible for most laboratories, inasmuch as PCR screening processes that utilize pooling strategies (Zwaal et al., 1993; Das and Martienssen, 1995) are not very labor intensive. Potentially, with 1000 to 2000 sequenced Ds insertions distributed at 200-kb intervals along the Arabidopsis genome, it should be possible to utilize this strategy to simplify the task of generating mutations in any specific gene of interest.
METHODS
Polymerase Chain Reaction Amplification
We used the Nucleon PhytoPure plant DNA extraction kit (Amersham Life Science) to purify DNA from five to 15 young seedlings of a given line; alternatively, five to 10 young inflorescences were used. Ten to 100 ng of genomic DNA served as template in primary polymerase chain reactions (PCRs) (20 L). Thermal asymmetric interlaced (TAIL)-PCR was performed according to Liu et al. (1995) , with the minor modification that 15 supercycles in the secondary reaction and 30 reduced-stringency cycles in the tertiary reaction were performed. We designed the following nested primers complementary to 3Ј and 5Ј ends of the Ds element: Ds3Ј-1a, CGATTACCGTATTTATCCCGTTC; TCGTTTCCGTCCCGCAAGT; TCCGTTCCGTTTTCGTTTTTTAC; , CGG-TCGGTACGGGATTTTCC. Each of these primers was used in combinations with three arbitrary degenerate primers: AD1, NTCGA(G/ C)T(A/T)T(G/C)G(A/T)GTT; AD3, (A/T)GTGNAG(A/T)ANCANAGA; and AD2, (G/C)TTGNTA(G/C)TNCTNTGC (Liu et al., 1995; Tsugeki et al., 1996) . Thus, three rounds of nested amplification were made with every DNA sample using six different primer combinations in every round. We found out that even if no specific amplification was detected using this standard protocol, the use of the following alternative set of Ds-complementary primers (Grossniklaus et al., 1998) often proved effective: Ds3Ј-1, CGATTACCGTATTTATCCCGTTCG; Ds3Ј-2, CCGGTATATCCCGTTTTCG; Ds3Ј-3, GAAAATGAAAACGGTAGA-GGT; Ds5Ј-1, CCGTTTACCGTTTTGTATATCCCG; Ds5Ј-2, CGTTCC-GTTTTCGTTTTTTACC; and Ds5Ј-3, CGGTCGGTACGGGATTTTCC.
Purification and Sequencing of PCR Products
PCR products were analyzed on 1.8% agarose gels. Extracted bands were purified using QIAquick Gel Extraction Kit and QIAquick 96 PCR purification Kit (Qiagen, Hilden, Germany). Products were sequenced using ABI Prism dRhodamine Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems, Foster City, Rapid sequence analysis of gene trap integrations to generate a resource of insertional mutations in mice. Genome Res. 7, 293-298.
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